Objective-Sequence variations in the gene(s) encoding vitamin K epoxide reductase complex subunit 1 (VKORC1), the enzyme target of warfarin, have been associated with increased cardiovascular disease in the general population. Coronary artery calcification (CAC) is a prevalent form of cardiovascular disease in chronic kidney disease. We tested the hypothesis that the VKORC1 rs8050894 CC genotype would be associated with mortality and progression of CAC ≤4 years. Approach and Results-This study is an observational, prospective study of 167 individuals with stages 3 to 5 chronic kidney disease. Survival ≤4 years was assessed in all participants, and CAC progression was measured in a subset of 86 patients. Participants with the CG/GG genotype of VKORC1 had higher baseline CAC scores (median score, 112 versus 299; P=0.036). Of those 86 patients who had a 4-year CAC score, those with the CG/GG genotype had an increased risk of progressive CAC (adjusted for age, diabetes mellitus, estimated glomerular filtration rate, and hypertension) compared with those with the CC genotype. Four-year mortality risk was 4 times higher for individuals with the CG/GG genotypes compared with individuals with the CC genotype (odds ratio, 3.8; 95% confidence interval, 1.2-12.5; P=0.02), adjusted for age, sex, diabetes mellitus, estimated glomerular filtration rate, baseline CAC, and hypertension. Conclusions-Patients with the CG/GG genotype of VKORC1 had a higher risk of CAC progression and a poorer survival.
C ardiovascular disease is the leading cause of morbidity and mortality in patients with chronic kidney disease (CKD) and is attributable, in part, to atherosclerosis and vascular calcification. Platelet adhesion and thrombosis are integral to the development of atherosclerosis in humans. It is established that vitamin K-dependent proteins (VKDPs) play a critical role in the activation of the coagulation cascade. Some studies suggest that sequence variations in the gene encoding the enzyme vitamin K epoxide reductase complex subunit 1 (VKORC1) serve as novel genetic risk markers for the occurrence of cardiovascular and thrombotic events. [1] [2] [3] This effect is presumed to be based on VKORC1-dependent effects on enhancing the levels of carboxylated coagulation proteins that promote thrombosis.
Involvement of VKDPs in the regulation of extraosseous calcification in humans is receiving increasing recognition. Matrix Gla protein, a VKDP that is synthesized by the vascular wall and cartilage, functions as an inhibitor of calcification and may be integral to the regulation of extraosseous calcification in humans. 4, 5 Calcification may occur in the intima of the artery wall in association with atherosclerosis or within the media layer. Both forms occur in patients with CKD and contribute to the elevated risk of cardiovascular morbidity and mortality observed in this patient group. 6 The calcium-binding activity of VKDPs is dependent on vitamin K-mediated γ-carboxylation of specific Glu residues. 7 The enzyme VKORC1 mediates the cyclic interconversion of vitamin K metabolites and is a rate-limiting step in the γ-carboxylation of VKDPs in the liver. 8 VKORC1, the target of warfarin, specifically recycles the vitamin K 2,3-epoxide to the vitamin K hydroquinone, and common polymorphisms in VKORC1 explain the clinically observed differences in warfarin dose requirements between various ethnic groups. [9] [10] [11] [12] In experimental CKD, inhibiting the actions of VKORC1 with a therapeutic dosage warfarin markedly enhanced vascular calcification in rats with CKD. 13 However, human studies that have evaluated whether warfarin treatment accelerates cardiovascular disease and calcification are inconsistent. [14] [15] [16] [17] [18] [19] New evidence suggests that VKDPs expressed in some extrahepatic tissues may be resistant to the effects of vitamin K antagonists because July 2014 of the recently identified VKORC1-like 1 (VKORC1L1), which can still recycle vitamin K in the presence of warfarin. 20 These data suggest tissue-specific VKOR activity.
Sequencing efforts by Rieder et al 10 have yielded 5 common haplotypes of VKORC1 that can be grouped into 2 evolutionarily distant groups called A and B. The A haplotype group is associated with attenuated expression of VKORC1 mRNA in the liver and, as a consequence, lower warfarin requirements. 10 Conversely, the B haplotype group is associated with higher expression of VKORC1 mRNA in the liver and higher warfarin requirements. The focus of this study is the singlenucleotide polymorphism (SNP) rs8050894, which has been demonstrated to be in high linkage equilibrium and enables the distinction between these 2 groups. 21 To date, no study has examined the impact of sequence variations of VKORC1 in a CKD population.
In this prospective cohort study, performed in a sample of individuals with CKD, we investigated the impact of genetic variations in VKORC1 on survival ≤4 years in a cohort of 167 predialysis stage 3 to 5 CKD patients. In a subset of 86 patients who had follow-up coronary artery calcification (CAC) quantified 4 years later, we examined the associations of sequence variations of VKORC1 on CAC progression. Our hypothesis was that the CC genotype that is associated with decreased warfarin requirements is a nonmodifiable risk factor for CAC and its progression and mortality in patients with CKD are based on low lifetime activity of the vitamin K cycle.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results
The distribution of VKORC1 genotypes was as follows: CC, n=66 (39.5%); CG, n=81 (48.5%), and GG: n=20 (12.0%). The allele frequencies were similar to the allele frequencies reported by Crosier et al 22 in individuals aged >60 years in the United States who were also primarily of European descent. Ninety-eight percent of the enrolled subjects were white.
All comparisons were made between the CC and the CG/ GG groups (Table 1) . Patients in the CG/GG group were older (62.4 [13.2] versus 57.9 [15.2] ; P=0.05). There were no statistically significant differences between groups with respect to sex, diabetes mellitus, estimated glomerular filtration rate, or biomarkers of vitamin K status. Low phylloquinone concentrations consistent with subclinical vitamin K deficiency (normal range, 0.4-2.65 nmol/L) were identified in 10 patients (6.0%), whereas elevated proteins induced by vitamin K absence or antagonism-II (normal range <2 nmol/L) were identified in 97% of patients. Carriers of the CC genotype had lower alkaline phosphatase but no other significant differences with respect to other parameters of mineral metabolism.
Coronary Artery Calcification
In 2005, at baseline, 86.8% of participants had evidence of CAC: 13.2% had no evidence of calcification, 14.4% had minimal calcification (score, 1-9.9), 16.8% had mild calcification (score, 10-99.9), 19.2% had moderate calcification (score, 100-399.9), and 36.5% had severe calcification (score >400). Patients with the CC genotype were slightly younger than patients with the CG/GG genotype, but did not differ in other cardiovascular disease risk factors. However, patients possessing the CC genotype had significantly less (2-fold) baseline CAC severity versus CG/GG ( Table 1) .
We wished to explore the impact of sequence variations in VKORC1 on CAC progression during 4 years of followup. Table 2 demonstrates the adjusted multivariable model describing the risk factors for CAC progression, where CAC progression was defined as an increase in CAC score of >50 Agatston units (AU). The model was adjusted for baseline CAC score, which was higher in the CG/GG genotype groups ( Table 1) . Accounting for baseline CAC and VKORC1 genotype, individuals with the CG/GG genotypes were 4 times more likely to have CAC progression versus the CC genotype (model 1; also adjusted for age, hypertension, estimated glomerular filtration rate, and diabetes mellitus status). There was a significant interaction between VKORC1 genotype group and baseline CAC, indicating that the risk of progressive CAC within the CG/GG group was higher in those with greater baseline CAC. To ensure consistency in our results indicating an increased risk of CAC progression ascribed to the CG/ GG genotype, we examined the impact of VKORC1 genotype on CAC progression in several ways. Our findings remained robust using alternative definitions for progressive CAC as the dependent variable: progressive CAC of >1 AU (12.3; 95% confidence interval, 2.9-52.3; P=0.002), progressive CAC of >10 AU (3.6; 95% confidence interval, 0.94-13.7; P=0.06), or progressive CAC of >100 AU (4.3; 95% confidence interval, 0.97-19.22; P=0.05; data not shown).
Mortality
During a follow-up of ≤4 years, there were 27 deaths. Individuals with the CC genotype were less likely to die (6.1%) than those with CG/GG genotypes (22.8%; P=0.005). The Figure presents the Kaplan-Meier curve for mortality in accordance to VKORC1 genotypes, demonstrating an increased risk of death for individuals with the CG/GG genotype. In the adjusted Cox proportional model presented in Table 3 , individuals with VKORC1 CG/GG genotypes were 4 times more likely to have died compared with those with the CC genotype (hazard ratio, 4.1; 95% confidence interval, 1.24-13.58; P=0.02), accounting for age and baseline burden of CAC.
Based on the increased risk of death associated with the VKORC1 genotype, we measured levels of the vitamin K-dependent coagulation factors and compared these in carriers of the CC versus the CG/GG genotype. coagulation factor to differ by VKORC1 was factor VII (FVII). Levels of FVII were significantly higher in carriers of the CG/ GG genotype (Table 4 ).
Discussion
The main finding of this study is the identification that individuals with stage 3 to 5 CKD who have 1 SNP of VKORC1 (CG/ GG genotype) have an increased burden of baseline CAC, an increased risk of CAC progression, and death in ≤4 years of follow-up. The CC genotype (A haplotype) group was associated with lower unadjusted median CAC scores at baseline and less CAC progression over time, suggesting 1 plausible mechanistic link between VKORC1 variation and mortality in patients with CKD. However, VKORC1 is thought to mediate the activity of γ-carboxylase, and enzymatic activity would be predicted to be lowest in the CC group. Therefore, the reduced risk of CAC and mortality may not relate to the activity of VKDPs that are involved in the inhibition of vascular calcification. Indeed, we found higher levels of fFVII activity in carriers of the CG/GG genotype, suggesting that links between cardiovascular disease and VKORC1 may be primarily mediated via prothrombotic, proatherosclerotic pathways. The literature linking sequence variations in VKORC1 with cardiovascular disease is inconsistent, and therefore, at present, no clear link exists between VKORC1 and arterial disease. Although there is variation in the reference allele studied, the results of this study are in agreement with 2 other studies in the general population that have examined variations of VKORC1 as a candidate risk factor for arterial disease. 1, 2 Taken together, the genotype associated with higher expression of VKOR mRNA in the liver has been linked, in these observational studies, to increased cardiovascular events and increased severity of CAC. The current study further links this genotype with progression of CAC and mortality but specifically in a sample of patients with reduced kidney function.
Three other studies in different ethnic groups have not shown any relationship between sequence variation in VKORC1 and risk of cardiovascular disease. [23] [24] [25] None of the 3 VKORC1 SNPs studied were significantly associated with any of the outcomes. These studies suggest that the impact of VKORC1 genotype and cardiovascular disease is not certain. Only 1 study has linked the T-allele of the 1173C>T SNP, which is associated with reduced activity of VKORC1, with a small, but significant, increased risk of aortic calcification measured by plain radiography. 26 We hypothesized that the potential for enhanced γ-carboxylation of VKDPs associated with the B haplotype would theoretically translate to greater activity of VKDPs that inhibit calcification (eg, MGP [Matrix Gla Protein]). However, our data from a small group of patients with CKD do not support this hypothesis. Our observations may reflect VKORC1-mediated enhancement of those VKDPs involved in the coagulation cascade and atherosclerosis, such that a higher activity of VKORC1 could simultaneously increase the activity of vitamin K-dependent procoagulant factors such as FII, FVII, FIX, and FX. 3 That is, if VKORC1 modified all vitamin K-dependent activities, the final outcome regarding the balance between procoagulant and anticalcification factors might be unpredictable. Indeed, new evidence supports a key role for VKORC1L1, an enzyme that can rescue VKOR activity in some extrahepatic tissues during anticoagulation therapy, suggesting that there could be important tissue-specific differences in the activity of VKORC1 that could help explain our findings. 20 To address the limitations of previous studies, we also measured the activity of vitamin K-dependent coagulation factors and found higher levels of fFVII activity in CG/GG carriers. Clinically, high levels of fFVII have been linked to carotid thickness 27 and risk of cardiovascular events in some [28] [29] [30] but not all studies. 31 Enhanced functional activity of vitamin K-dependent coagulation proteins could potentially facilitate atherosclerotic plaque progression. However, it is uncertain whether the higher levels of fFVII activity in these patients indicate increased carboxylation of this VKDP or simply reflect enhanced expression. A CAC score provides a quantitative assessment of coronary calcification, but it does not distinguish between calcium deposits which are localized to the intima (eg, associated with atherosclerosis) versus those that are in the medial layer. We previously identified in this cohort of patients with CKD that traditional Framingham risk factors for atherosclerosis were better predictors of the overall CAC score than nontraditional risk factors linked to kidney disease such as severity of kidney failure and abnormalities in mineral metabolism. 32 It is therefore unknown whether the increase in CAC score in this cohort is attributable to intimal progression related to atherosclerosis, medial progression primarily related to calcification, or a combination of both, and as such, we cannot drawn any definitive conclusions.
Most previous studies evaluating the association between sequence variations in VKORC1 and vascular disease have not included measures of vitamin K status or activity of coagulation factors in the analyses. Whereas no significant heritability was reported in 2 biomarkers of vitamin K status in a crosssectional study of almost 2000 subjects, 33 the minor allele G of the identical SNP was associated with higher concentrations of phylloquinone and lower concentrations of percentage uncarboxylated osteocalcin compared with those with the CC or GC genotypes in a smaller clinical trial. 22 Taken together, at the present time, there are insufficient data to support the contention that factors that influence VKORC1 activity potentially modify arterial disease via its chronic impact on peripheral vitamin K status.
Few studies have reported on CAC progression in patients with stages 3 to 5 CKD. A systematic review by McCullough et al 34 sought to determine the annualized rate of CAC progression in patients with CKD. However, the studies that were included in this review had few patients with CAC scores <30 AU, and mean CAC scores were used to calculate progression rates. Our CAC results were not normally distributed, and thus the annualized mean percent change in CAC used in the review by McCullough et al 34 could not be used for comparison purposes. Consequently, in evaluating CAC progression for this study, we considered multiple cut points of increase in CAC score. Our obtained results were consistent across all CAC categories. Approximately 30% of patients had zero or minimal CAC at baseline; therefore, our chosen outcome of an increase in CAC of ≥50 AU during 4 years would represent a clinically meaningful change, applicable to both lower and higher baseline CAC scores.
One limitation of this study is that the first series of CAC scans was completed on an earlier generation of scanner (4-slice helical) versus the second series of scans completed on a current generation of scanner (64-slice helical). The latter scanner is faster and results in decreased motion artifact, improved spatial resolution, and potentially more precise CAC results. The first series of scans could have resulted in an overestimation of CAC scores because of motion artifact, which would be less in the second series of scans. These differing measurement techniques would potentially bias results toward the null, and we are therefore confident that the change in CAC scores detected between the 2 series of scans is depicting an accurate reflection of CAC progression. Furthermore, the study design resulted in a healthy bias because individuals who died or went on to dialysis therapy were not included; however, this would similarly have biased the results toward the null. Further limitations include the small sample size for a candidate gene study and assessment of a single SNP. These findings therefore require replication in a larger cohort. In addition, there are other genetic components that have been linked to warfarin dose requirements, including genetic variation in CYP2C9, apolipoprotein E, and γ-glutamyl carboxylase. γ-Glutamyl carboxylase is a critical enzyme responsible for the action of vitamin K in the γ-carboxylation of VKDPs, including those involved in coagulation pathways. Further studies should include other genetic influences related to vitamin K metabolism.
In summary, these data provide new perspectives on the potential role of VKORC1 in individuals with CKD. Larger, well-controlled studies are required to externally validate these findings. 
